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Summary
Neurotransmitters are released at presynaptic active
zones (AZs). In the fly Drosophila, monoclonal anti-
body (MAB) nc82 specifically labels AZs. We employ
nc82 to identify Bruchpilot protein (BRP) as a previ-
ously unknown AZ component. BRP shows homology
to human AZ protein ELKS/CAST/ERC, which binds
RIM1 in a complex with Bassoon and Munc13-1. The
C terminus of BRP displays structural similarities to
multifunctional cytoskeletal proteins. During develop-
ment, transcription of the bruchpilot locus (brp) coin-
cides with neuronal differentiation. Panneural reduc-
tion of BRP expression by RNAi constructs permits
a first functional characterization of this large AZ pro-
tein: larvae show reduced evoked but normal sponta-
neous transmission at neuromuscular junctions. In
adults, we observe loss of T bars at active zones, ab-
sence of synaptic components in electroretinogram,
locomotor inactivity, and unstable flight (hence
‘‘bruchpilot ’’—crash pilot). We propose that BRP is
critical for intact AZ structure and normal-evoked
neurotransmitter release at chemical synapses of
Drosophila.
*Correspondence: buchner@biozentrum.uni-wuerzburg.de
6 These authors contributed equally to this work.Introduction
Neurotransmitter release during chemical communica-
tion between nerve cells takes place at synaptic active
zones, specific sites characterized ultrastructurally by
presynaptic membrane thickenings decorated with syn-
aptic vesicles and surrounded by additional synaptic ves-
icle accumulations. Often, electron-dense projections of
various shapes (plaques, pyramids, T-shaped structures,
ribbons) extend from the active zone into the presynaptic
cytoplasm. Considerable efforts have been undertaken in
recent years to identify and functionally characterize the
protein components of these projections and the cyto-
skeletal matrix associated with the active zone (CAZ)
(Shapira et al., 2003; Rosenmund et al., 2003; tom Dieck
et al., 2005; for review, see Zhai and Bellen [2004]). This
complex meshwork of proteins most likely constitutes
an essential part of the molecular machinery mediating
neurotransmitter release (Garner et al., 2000). The fine
regulation of this process is believed to be central to ner-
vous system operation including higher functions such as
learning, memory, and cognition.
In vertebrates, several components associated with
the presynaptic active zone have been characterized.
In addition to the general cytoskeletal proteins actin
and spectrin, the large protein Bassoon (420 kDa) (tom
Dieck et al., 1998; Shapira et al., 2003) is specifically
found at the CAZ. This protein has been shown to be re-
quired for structural active zone formation and/or main-
tenance. Piccolo (530 kDa) (Fenster et al., 2000) contains
several putative protein-protein interaction domains
and together with Bassoon is assumed to organize com-
ponents of the active zone, including Rab3-interacting
molecule (RIM1), Munc-13, and the CAZ-associated
structural protein (ELKS/CAST/ERC).
Vertebrate ELKS/CAST/ERC proteins were identified
as AZ components by purifying synaptic densities
from rat brain followed by electrophoresis and mass
spectrometry (Ohtsuka et al., 2002) and, independently,
in a yeast-two-hybrid screen of a rat-brain cDNA library
as proteins interacting with the RIM1a PDZ domain
(Wang et al., 2002). Several isoforms have been reported
to be transcribed from two genes (Wang et al., 2002;
Deguchi-Tawarada et al., 2004). Two isoforms (CAST1/
ERC2 and CAST2a/ERC1b) are brain-specific and con-
tain several coiled-coil domains as well as a C-terminal
IWA motif essential for binding the PDZ domain of
RIM1 (Ohtsuka et al., 2002). ELKS/CAST/ERCs form
large oligomeric protein complexes with the other
known proteins of the CAZ (Munc-13, RIM1, Piccolo,
Bassoon) and are believed to be involved in the molec-
ular organization of presynaptic active zones (Ko et al.,
2003) where they regulate the release of neurotransmit-
ter (Takao-Rikitsu et al., 2004).
Although most proteins shown to be relevant for
structure and/or function of the vertebrate nervous sys-
tem are conserved in invertebrates, apparently no Bas-
soon or Piccolo homologs are encoded in the Drosoph-
ila genome. Here, we identify the Drosophila bruchpilot
gene (brp) coding for a protein (BRP) that contains an
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to vertebrate ELKS/CAST/ERC and a large C-terminal
domain rich in coiled-coil structures similar to several
cytoskeletal proteins. We analyze the structure of this
gene and show that the Drosophila BRP protein local-
izes at the presynaptic active zone. By analyzing various
transgenic RNAi lines, we characterize the effects of re-
duction of BRP expression on synaptic ultrastructure as
well as neurotransmitter release and observe behavioral
defects, including unstable flight (hence bruchpilot,
crash pilot, named after an old German movie about a
pilot who always crashes his planes but survives). We
speculate that BRP might combine functions of ELKS/
CAST/ERC and a cytoskeletal structural protein in a sin-
gle polypeptide that is highly conserved among insects.
Results
MAB nc82 (Hofbauer, 1991) is widely used as a neuropil
marker in confocal images of Drosophila brain, provid-
ing a structural framework for the ‘‘standard brain’’
(Rein et al., 1999) and for cell-specific stainings (Laissue
et al., 1999; Jefferis et al., 2004; Rasse et al., 2005; Rie-
mensperger et al., 2005). The antibody allows for high
transparency in immunofluorescent wholemount stain-
ings, which makes it a valuable tool for 3D reconstruc-
tions and optical sections deep below the brain’s sur-
face when using confocal microscopy.
Presynaptic Active Zones Are Specifically Labeled
with MAB nc82
We first asked whether MAB nc82 in neuropil exclusively
binds to synapses and if so, which of their components
would be labeled. In the glutamatergic ‘‘model’’ synap-
ses of motorneuron terminals (bouton type Ib) on Dro-
sophila larval body wall muscles MAB nc82 selectively
labels discrete small spots (Figures 1A and 1B, red)
that are surrounded by Dynamin (Figure 1A, green), a
GTPase of the periactive zone. This suggests that
MAB nc82 labels active zones. Similar results have
been obtained with antibodies to a-Adaptin and gluta-
mate receptors GluRIIA (Wucherpfennig et al., 2003;
Rasse et al., 2005). To further test this, we counter
stained preparations for glutamate receptor subunit
GluRIIC (Marrus et al., 2004) (cf. below) and Drosophila
PAK (Harden et al., 1996; Albin and Davis, 2004) (Fig-
ure 1B, green). The discrete MAB nc82-labeled spots
always directly face the center of the postsynaptic den-
sities (PSDs) from the inside and are aligned with the
corresponding receptor fields (Figure 1B). Thus, the pro-
tein recognized by MAB nc82 is localized specifically at
the presynaptic active zone. Similar nc82-labeled spots
are also seen in the nonglutamatergic type II (Figure 1C)
and type III (Figure 1D) boutons (Rheuben et al., 1999).
Small spots at high density are also observed in high
resolution confocal images of adult neuropil (not
shown). This suggests that MAB nc82 binds to a com-
ponent of the presynaptic active zone of most or all
synapses.
MAB nc82 Identifies a Protein of 190 kDa
that Is Encoded by a Large Genetic Locus
In Western blots of homogenized Drosophila heads,
the antibody recognizes two proteins of about 190 and170 kDa apparent size (cf. Figures 3 and 4). To identify
these proteins, we subjected Drosophila head homoge-
nates to 2D gel electrophoresis and Western blotting.
Two signals of the expected size were found near pH
5.6 and could be matched in Coomassie-stained gels
with two spots. MALDI-TOF mass spectrometry (MS)
(Toplab GmbH, Martinsried, Germany) identified the
two spots as isoforms of a protein encoded by the
cDNA clone AT09405 of the predicted gene locus
CG30337 (Drysdale et al., 2005). The protein expressed
from this cDNA in E. coli is recognized by MAB nc82
(Figure S1). However, the apparent molecular weight of
this protein in SDS gels is only about 125 kDa (calculated
molecular weight 127.4 kDa). Northern blots of head
poly-A+-RNA produced a strong signal at about 11 kb
(plus a weak signal at about 2.0 kb) (Figure S2, left
lane). This suggested that we had only identified part
of the genomic region corresponding to the protein rec-
ognized by MAB nc82. Because the open reading frame
(ORF) of the AT09405 cDNA is terminated by a stop co-
don, we first wanted to extend the 50 end of the cDNA se-
quence. We recognized that the ORF of the predicted
gene CG12933 located 22 kb upstream of CG30337
showed significant similarity to ELKS/CAST/ERC, a
Figure 1. Monoclonal Antibody nc82 Labels a Component of the
Presynaptic Active Zone at All Types of Larval Neuromuscular Syn-
apses
(A and B) Confocal images of neuromuscular synaptic boutons (type
Ib) in wild-type Drosophila larvae immunostained with MAB nc82
(red) and with antisera against Dynamin (green [A]) or PAK (green
[B]). Right panels, merged images. Scale bar, 2 mm.
(C and D) Nonglutamatergic terminals containing type II (C) and type
III (D) boutons stained with aHRP antiserum (blue), aGluRIIC (red,
background only), and MAB nc82 (green). Scale bar, 5 mm.
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835Figure 2. The Drosophila bruchpilot Gene
Comprises Three or Four Computed Genes;
BRP Is Rich in Coiled-Coil Domains and
Shows Homology to ELKS/CAST/ERC
(A) The Drosophila bruchpilot (brp) cDNA
consists of 18 exons located in three com-
puted ORFs (CG12933, CG30336, and
CG30337), which were previously annotated
as independent genes (upper part modified
from flybase, with map position and base
ruler in kb [Drysdale et al., 2005]).
(B) Comparison of predicted coiled-coil do-
mains (white boxes) and conserved regions
(color) for C. elegans, human, and Drosophila
homologs.protein associated with the cytomatrix at the active
zone of mammalian synapses (Ohtsuka et al., 2002;
Wang et al., 2002). Sequencing RT-PCR products of
mRNA from third instar larvae and from adult flies re-
vealed that CG12933, CG30336, and CG30337 actually
belong to the same transcription unit (Figure 2A). A small
possibly alternatively spliced exon was detected be-
tween CG30336 and CG30337. Because of the specific
phenotype (cf. below) of the first RNAi knockdown flies
for the gene encoding the nc82 antigen we coined the
name bruchpilot gene (brp). (Note that the abbreviation
‘‘cast’’ already denotes an unrelated gene in Drosoph-
ila.) A fourth predicted gene (CG12932) is located be-
tween CG12933 and CG30336 in Drosophila and thus
could represent a large alternatively spliced exon of
the bruchpilot gene (Figure 2A). However, we consis-
tently failed to connect CG12932 to the bruchpilot
mRNA by RT-PCR with primers from CG12932 and
CG30336. Also, a Northern blot of adult polyA+ mRNA
(Figure S2, left lane) probed with a CG12932-specific
probe, showed no brp-like signals but only a faint
band at 4.9 kb (Figure S2, right lane). Whether or not
the CG12932 open-reading frame represents or con-
tains an alternatively spliced brp exon cannot be de-
cided at present (cf. Figure 2A).
From RT-PCR sequences and the cDNA AT09405, we
constructed a 5560 bp cDNA, which now contains the
complete open-reading frame of the Drosophila bruch-
pilot gene and short 50 (50 bp) and 30 (304 bp) UTRs.
This cDNA sequence has been deposited in GENEMBL
database. The 11 kb Northern signal (Figure S2, left
lane) is likely explained by a large 30UTR of the main
brp mRNA (cf. Discussion). MAB nc82 recognizes an
epitope, which maps to the C-terminal 1105 amino acids
of the 1740 amino acid protein encoded by the compos-
ite cDNA.
Bruchpilot Shows Significant Homology
to Mammalian CAZ Component ELKS/CAST/ERC
Next, the protein encoded by the cDNA was analyzed in
more detail. The N-terminal 480 amino acids (aa) of the
protein contain short stretches of up to 67% identity
with both mammalian and C. elegans ELKS/CAST/ERC(Figure 2B and Figures S3A–S3C). In the 40 aa of con-
served domain 1 (CD1, red in Figure 2; sequence shown
in Figure S3A), 26 (21) aa are identical betweenDrosoph-
ila and human (Drosophila and C. elegans), in the 43 aa
of CD2 (yellow, Figure S3B), 29 (8) aa, and in the 186
aa of CD3 (green, Figure S3C), 80 (48) aa, respectively.
Structure prediction (HUSAR sequence analysis pack-
age) reveals coiled-coil domains (white boxes in Fig-
ure 2B), which in the N terminus correspond to similar
domains in ELKS/CAST/ERCs (Figure 2B). For the large
coiled-coil rich C terminus, no direct vertebrate homolog
could be detected, but a number of large cytoskeletal
proteins like plectin (Figure S3D) and myosin heavy
chain show significant similarity (BLAST E values 256
and 249, respectively). Among dipteran insects, how-
ever, the entire protein is highly conserved as a compar-
ison with the Anopheles genome (Holt et al., 2002) dem-
onstrates. The significant homology of the identified
protein to a known active zone component strongly
supports the conclusion from the MS data that the
BRP protein represents the nc82 antigen seen in immu-
nohistochemistry. In order to further test this, in situ hy-
bridization on Drosophila embryos was performed, ask-
ing whether the distribution of brp mRNA would be
compatible with a neuronal function. A strong specific
label indicating selective expression of the brp mRNA
was detected from stage 12 on with a 30 probe (Figures
3A–3E) and a 50 probe (Figure 3F) (cf. Experimental Pro-
cedures). CNS (Figures 3B–3F) as well as PNS neurons
(Figure 3E) were strongly positive. The onset of brp
mRNA expression corresponds to the onset of neuronal
differentiation and axon outgrowth (Broadie and Bate,
1993). No expression in nonneuronal tissues (Figures
3A–3F) such as muscle was observed. Thus, the spa-
tio-temporal expression profile of the brp mRNA is fully
consistent with the supposition that it encodes a compo-
nent of the active zones specifically expressed in post-
mitotic neurons.
To explicitly show that MAB nc82 recognizes the
product of the brp mRNA, we ectopically expressed an
unlabeled as well as a GFP-labeled variant of BRP
(GFPBRP) within tissues normally negative for nc82
immuno-label by using the brp or GFPbrp cDNA and the
Neuron
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pressed in Differentiating Neurons and Ag-
gregates when Overexpressed
(A–F) In situ hybridization of Drosophila em-
bryos: in (A–E) the 30 part of the brp cDNA,
in (F) the 50 part of the brp cDNA was used
for generating an anti-sense probe. Sense
probe controls produced no labeling. Strong
nervous system specific staining indicating
brp mRNA expression was detected from
stage 12 (B) throughout embryogenesis (C–F).
Both, CNS and PNS neurons were strongly
positive (E). No expression in nonneuronal
tissues like, for example, muscle was ob-
served. The spatio-temporal expression pro-
file of brpmRNA is consistent with BRP being
a component of the active zones at presum-
ably all presynaptic terminals.
(G–I) Expression of BRP labeled at the N ter-
minus with GFP (GFPBrp) was driven with
dpp-Gal4 in wing discs (G) or tracheal cells
(H) with g14-Gal4. The expected ectopic ex-
pression could be observed with anti-GFP
antiserum. MAB nc82 staining perfectly co-
localizes with anti-GFP signal within discrete
cytoplasmic aggregates. Neurally expressed
GFPBRP is also targeted to active zones of
larval NMJ boutons ([I], scale bar, 2 mm).
(J) MAB nc82-labeled Western blot of adult
head extracts of w1118/elav-Gal4 control flies
(+/+) and GFPbrp/elav-Gal4 (GFPBrp) or brp/
elav-Gal4 (Brp)-overexpressing flies. Arrow-
heads at the right mark positions of endoge-
nous BRP (lower two bands) and GFPBRP
(upper-most band).Gal4/UAS system (Brand and Perrimon, 1993). Expres-
sion in a stripe of the wing imaginal disc (with dpp-
Gal4, see Figure 3G), or in trachea and epidermis cells
(with g14-Gal4, see Figure 3H), resulted in nc82 positive
spots that perfectly matched with the GFP signal of the
GFPBRP construct. No GFP or nc82 signals are seen in
these structures in wild-type preparations. When the
panneural elav-Gal4 driver was used, GFP was detected
in the neuropil and at active zones of larval neuromuscu-
lar boutons where it largely matched the nc82 staining
of endogenous BRP and GFPBRP (Figure 3I).
In addition, Western blots from fly heads overexpress-
ing the brp mRNA with the panneural elav-Gal4 driver
were probed with MAB nc82 (Figure 3J). Although over-
expressing the normal cDNA (‘‘Brp’’) resulted in a strong
enhancement of the 190 kDa signal also present in wild-
type (‘‘+/+’’), overexpressing the GFPBRP produced the
expected up-shifted band (‘‘GFPBrp’’). Thus, MAB nc82
clearly recognizes the brp mRNA encoded protein,
which shows nervous system specific expression and
aggregates upon ectopic overexpression (Figure 3H).
Reduction of BRP Expression in Adults Impairs
Synaptic Transmission and Ultrastructural
Integrity of Active Zones
The consequence of a genetic knockout of BRP or
ELKS/CAST/ERC has not been investigated so far. Un-
fortunately, neither brp mutants nor transposon lines
mapping in the immediate neighborhood of the brp
exons are available for Drosophila. To nonetheless study
the role of BRP for structural and functional integrity ofsynapses in vivo, we made use of transgene-mediated
RNA interference (RNAi) under the control of Gal4. Two
UAS-controlled constructs were produced encoding
snap-back, double stranded RNAs corresponding to ei-
ther CG30336 (‘‘B’’ RNAi lines) or CG30337 (‘‘C’’ RNAi
lines). In the experiments below, two insertions for
each construct (B3, B12, C8, C12) were used that pro-
duced the strongest effects. The expression of the
RNAi constructs was driven either throughout the CNS
with elav-Gal4 or selectively in the eye with gmr-Gal4.
Suppression of BRP by the B12 line produced the stron-
gest phenotype as elav-Gal4/brp-RNAiB12 trans-hetero-
zygotes died as late embryos with few first instar larval
escapers. No later stage larvae or adults of this geno-
type were ever observed. Viability of the corresponding
trans-heterozygotes for C8, C12, and B3 lines was dras-
tically reduced, but enough larvae and adults could be
collected to permit structural and functional analysis.
In adults, an almost complete loss of nc82 reactivity
was observed in head Western blots (Figure 4H for B3,
C8, and C12). Comparison of five heads per lane (maxi-
mum loading capacity) with one head per lane demon-
strates suppression in all three lines to less than 20%.
Long overexposure of such a blot (not shown) indicates
an even much lower residual expression. That neuron-
specific RNAi is sufficient to result in such a dramatic
downregulation again indicates that in Drosophila BRP
is a nervous system specific protein. Thus, all four
RNAi transgenes will allow the time- and tissue-specific
downregulation of BRP protein in vivo. We first studied
the effect of BRP suppression on synaptic function
and ultrastructure of the adult visual system.
Drosophila BRP, a Synaptic Active Zone Protein
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activity and Affects Synaptic Transmission
Compared to the wild-type control (A), staining of neuropil with MAB
nc82 is drastically reduced when brp-RNAiC8 is panneurally driven
by elav-Gal4 (B). All four RNAi lines (B12, C8, C12, B3) show similar
effects when RNAi expression is limited to the retina by using gmr-
Gal4 as a driver ([C–F] compare staining of photoreceptor R1–R6 ter-
minals in the lamina [arrows] with wild-type controls in [A] and [G]).
Note that there is no hint of reduced staining in cholinergic or
GABAergic layers in medulla or lobula complex. In electroretinogramExpression of brp-RNAiC8 driven by panneural elav-
Gal4 triggered a dramatic loss of BRP expression in
the adult nervous system as demonstrated by the faint
nc82 staining within the optic lobe neuropil (Figure 4B,
compare to wild-type in Figure 4A) and by the Western
blots (Figure 4H). To address the functionality of synap-
tic transmission under these conditions, we performed
field recordings from the surface of the eye (electroreti-
nograms, ERGs). The ERG monitors extracellular electri-
cal activity of photoreceptors and first order interneu-
rons in response to light (Heisenberg, 1971; Burg et al.,
1993). Thus, flies that in the ERG show the light-induced
depolarization of the photoreceptor cells but specifically
lack the ON/OFF transients of the interneurons likely
have a specific defect in synaptic transmission. Exactly
this is the case for elav-Gal4/brp-RNAiC8 animals (Fig-
ure 4D, right). To exclude that postsynaptic effects of
BRP suppression might be responsible for the ERG de-
fect, we selectively suppressed BRP only in retinal cells
with gmr-Gal4 as driver. The selective reduction of nc82
staining only in the lamina, where the vast majority of
presynaptic active zones belong to photoreceptor
terminals (Boschek, 1971), is demonstrated in Figures
4C–4F (arrows) for the four different RNAi lines (compare
with the two wild-type controls in Figures 4A and 4G).
We conclude that BRP is needed within the photorecep-
tors R1–R6 for efficient synaptic transmission at their
histaminergic synapses in the lamina.
The cellular and synaptic organization of the lamina,
where terminals of photoreceptors R1–R6 make synap-
tic contacts to first order interneurons, has been studied
in detail (Boschek, 1971; Meinertzhagen, 1993). Of the
viable combinations of RNAi lines with elav-Gal4 or
gmr-Gal4 only gmr-Gal4/brp-RNAiB12 showed a ‘‘rough
eye’’ phenotype and a clear disruption of the crystal-like
cellular organization of the lamina. In all other combina-
tions, eye morphology was normal. The characteristic
structure of the synaptic contacts of photoreceptor ter-
minals, including the presynaptic T-shaped ribbons
comprising platform and pedestal (T bars) and the post-
synaptic cisterna in the two postsynaptic elements were
clearly identifiable in ultrathin cross-sections of lamina
cartridges in wild-type controls (brp-RNAiC8/w1118) (Fig-
ures 5A and 5B, arrows). Presynaptic T bars in other car-
tridge elements, such as monopolar cell axons, were
also easily recognized (not shown). In lamina cartridges
of brp-RNAiC8/elav-Gal4 animals, however, no clear T
bars were visible, whereas the typical arrangement of
six photoreceptor terminals (seven or eight in the equa-
torial region) surrounding the two large profiles of the
lamina monopolar cells was not different from control
preparations. Membrane densities seen in brp-RNAiC8/
recordings (ERGs) (A–G, right), the ON-OFF transients are missing
whenever RNAi constructs are driven panneurally (elav) (B) or only
in the retina (gmr) (C–F). These transients (arrows in [A]) seen in
the wild-type controls (A and G, right) reflect summed potentials of
first order interneurons and thus critically depend on intact synaptic
transmission. Horizontal bars in (A) and (G) (right) indicate the 1 s
‘‘light on’’ period. In Western blots (H) of head homogenate from
the three RNAi lines that are viable when driven by elav-Gal4, no sig-
nals at the position of wild-type BRP (first and forth lane) are recog-
nizable even if five heads per lane are loaded (max. capacity of lane).
Signal near 50 kDa: b-tubulin (loading control). Vertical scale bars:
(A), (B), (D)–(G), 5 mV; (C), 1 mV.
Neuron
838Figure 5. Suppression of BRP in Adults Im-
pairs the Ultrastructure of Active Zones
(A and B) Clear T-shaped synaptic ribbons (T
bars, arrows) are easily detectable in cross-
sectioned photoreceptor terminals (identified
by the presence of capitate projections, ar-
rowheads) in electron microscopical sections
of control lamina (offspring of elav Gal4 3
w1118).
(C and D) When BRP is suppressed by brp-
RNAiC8 driven by elav-Gal4, photoreceptor
terminals lack clear T bars but contain con-
spicuous presynaptic densities (arrows).
Scale bar in [C] for [A], [C]: 1 mm; in [D] for
[B], [D]: 0.1 mm.elav-Gal4 lamina possibly representing presynaptic
sites were tentatively identified and recorded (Figures
5C and 5D,arrows). These densitieswere found inall ultra-
thin sections of these preparations. The results of the
quantitative evaluation of six lamina preparations from
wild-type controls and seven from brp-RNAiC8/elav-
Gal4 animals are shown in Table 1. For each preparation
two ultrathin sections spaced more than 0.5 mm apart
were analyzed, containing between 52 and 112 photore-
ceptor terminals that can be identified because of the
characteristic ‘‘capitate projections’’ (arrowheads in
Figure 5). A total of 74 T bars were detected in the
wild-type preparations, whereas none were found in
brp-RNAiC8 expressing photoreceptor terminals. In ad-
dition, five identified cartridges were studied in three
closely spaced serial cross-sections of the laminae in
a wild-type and a brp-RNAiC8 preparation to exclude
Table 1. Quantitative Ultrastructural Analysis of T Bars
Lamina
Preparation
# WT/RNAi
# of PR
Terminals
Analyzed
WT/RNAi
# of T Bars
in PR
Terminals
WT/RNAi
# of Densities
in PR
Terminals
RNAi
1/1 69/60 10/0 19
2/2 52/78 10/0 17
3/3 112/59 19/0 10
4/4 72/60 14/0 8
5/5 65/59 10/0 6
6/6 71/59 11/0 10
-/7 -/60 -/0 15
Total 441/435 74/0 85
Quantitative comparison of T bars in photoreceptor (PR) terminals in
the lamina of wild type (wt) and presumed presynaptic densities in
brp-RNAiC8/elav-Gal4 flies (RNAi). In RNAi photoreceptor terminals,
no T bars were found.the possibility that, by chance, all individual ultrathin
sections of brp-RNAiC8 preparations analyzed were sit-
uated in synapse-free areas of photoreceptor terminals
(Meinertzhagen, 1996). Although in the wild-type prepa-
ration, at least two T bars were found per analyzed car-
tridge, none was found in the brp-RNAiC8 cartridges.
Thus, we are convinced that BRP suppression impairs
the characteristic ultrastructure of synaptic active zones
in Drosophila.
Reducing BRP at the Glutamatergic NMJ Reduces
Evoked Transmitter Release and Impairs
Ultrastructure but Affects Neither Postsynaptic
Sensitivity nor Neuronal Morphology
Analysis of synaptic physiology and synaptic cell biol-
ogy in Drosophila is most advanced for the glutamater-
gic synapses found at the larval NMJ. Thus, larval nerve-
muscle preparations were investigated after RNAi was
triggered in presynaptic motorneurons of the C8 line
again with elav-Gal4. Such preparations were triply
stained with MAB nc82 for BRP, an antiserum against
the glutamate receptor subunit IIC (Qin et al., 2005)
to identify individual postsynaptic densities, and with
HRP antibody, which labels neuronal membranes (Fig-
ures 6A and 6B). As expected, nc82 signal was clearly
reduced at the NMJs after triggering presynaptic brp
RNAi (Figure 6A). In control larvae (elav-Gal4 crossed
to w1118), postsynaptic glutamate receptor fields (and
thus synapses) of type Ib boutons negative for presyn-
aptic BRP label are rare (33 out of 975 in four prepara-
tions). In NMJs of brp-RNAiC8/elav-Gal4 larvae, how-
ever, a majority of type Ib synapses (530 out of 827 in
four preparations) had no discernable BRP label (cf.
Figure 6A, red channels). Even when present, presynap-
tic BRP signal was reduced compared to controls. On
Drosophila BRP, a Synaptic Active Zone Protein
839Figure 6. Suppression of BRP Expression at
Larval NMJs: Reduced Quantal Content and
Partial Suppression of T-Bar Formation
RNAi lines C8, C12, and B3 (see text) were
panneurally driven by elav-Gal4 (‘‘RNAi C8,
C12, or B3’’), and controls were elav-Gal4/
w1118. (A–F) Triple staining of larval NMJs
(muscle 6/7, segment A2) with anti-HRP
(blue), anti-GluRIIC (green), and anti-BRP
(nc82, red). BRP is strongly reduced com-
pared to control (A and C) ([C] shows higher
magnification) at NMJs of brp-RNAiC8/elav-
Gal4 larvae (B and D). A similar suppression
is observed with all three viable RNAi lines
C8 (D), C12 (E), and B3 (F). Scale bars are
10 mm (A and B), and 5 mm (C and D). (G–J)
Double labelings of larval NMJs with anti-
Synapsin (G and H, green) or anti-Syntaxin
(I and J) together with anti-glutamate recep-
tor-IIC (G–J, red) in brp-RNAiC8/elav-Gal4
(H and J) and controls (G and I). (K and L)
Dynamin/BRP colabeling at brp-RNAiC8/
elav-Gal4 boutons (L) and control NMJ (K),
arrowheads point to active zone areas nega-
tive for Dynamin and BRP. Scale bar in (G) for
(G–L) is 2 mm. (M and N) BRP suppression re-
duces evoked synaptic currents (eEJCs) in
larval body wall muscles by about 50% for
both brp-RNAiC8/elav-Gal4 and brp-RNAiC12/
elav-Gal4 (N). For brp-RNAiC8/elav-Gal4,
amplitude and frequency of miniature excit-
atory junctional currents (mEJCs) were found
not to differ from controls (M). Right, data are
mean 6 standard error of the mean (SEM).
(O–R) Transmission electron microscopy of
type Ib boutons (muscle 6/7, segment A2).
In controls, individual synaptic densities (ex-
ample marked by arrowheads) are often dec-
orated with a presynaptic T bar (arrows). At
brp-RNAiC8/elav-Gal4 NMJs (P), normally ap-
pearing synaptic densities (inset) form which
mostly lack T bars (arrow). (Q and R) Repre-
sentative T bars in control (Q) and brp-
RNAiC8/elav-Gal4 (R). (S) Statistics for T-bar
numbers: one control animal, 61 active
zones, 25 T bars; two brp-RNAiC8/elav-Gal4
animals, 108 active zones, eight T bars. Scale
bars are 250 nm (O, P, Q, and R).the other hand, presynaptic loss of BRP caused no ob-
vious reduction in the size of postsynaptic receptor
fields, the overall size of the NMJs, or the number of pre-
synaptic boutons. Also, no significant decrease in the
number of PSDs was detected by counting GluRIIC-
labeled receptor fields on muscle 6/7 of segment A2/
A3 (brp-RNAiC8/elav-Gal4: 462 6 166 receptor fields,
w1118/elav-Gal4: 540 6 166 [n = 9, p > 0.05]). Qualita-
tively similar effects are observed for all three viable
brp-RNAi lines with GluRIIC antiserum and nc82 anti-
body (Figures 6D–6F).
To investigate the effect of BRP loss on the distribu-
tion of other synaptic proteins, we stained synaptic ves-
icle proteins Synapsin (Figures 6G and 6H) and CSP (not
shown), exocytic factor Syntaxin (Figures 6I and 6J), and
endocytic factor Dynamin (Figures 6K and 6L) at NMJs
of brp-RNAiC8/elav-Gal4 larvae and elav-Gal4/w1118
controls. For none of these proteins, differences in dis-
tribution were seen. Notably, the typical ‘‘holes’’ in the
Dynamin labelings, indicating that this protein is omittedfrom the actual active zone regions, are still normally ob-
served, regardless of whether or not traces of BRP were
still detected in the RNAi situation (see arrowheads in
Figure 6L). Thus, synaptic vesicles and the protein ma-
chinery responsible for vesicle recycling seem still posi-
tioned properly after reduction of BRP.
Next, the brp-RNAiC8 larvae were analyzed in two-
electrode voltage clamp (TEVC) recordings (Figures
6M and 6N). Amplitudes and frequency of spontaneous
miniature junctional currents (mEJCs) were indistin-
guishable between brp-RNAiC8 larvae (amplitude:
20.93 6 0.05 nA, n = 12; frequency: 0.63 6 0.09 Hz, n =
12) and wild-type controls (amplitude: 20.86 6 0.04 nA,
n = 10; frequency: 0.63 6 0.07 Hz, n = 9) (Figure 6M).
Thus, BRP reduction does not affect the response of in-
dividual postsynaptic glutamate receptor fields nor
does it seem to influence glutamate content of synaptic
vesicles. However, amplitudes of evoked junctional cur-
rents (EJCs) were significantly reduced compared to
wild-type (296.86 4.6 nA, n = 11) by about 50% for both
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to Severe Behavioral Impairment
Adult flies (wings clipped) expressing RNAi
panneurally (brp-RNAiC8/elav-Gal4) fail to
show negative geotaxis as quantified by the
mean distance climbed vertically in an empty
food vial within a period of 30 s (A) (n = 5, p <
0.0001). Spontaneous walking on a horizontal
surface of such flies is also dramatically re-
duced as reflected by the number of lines of
a 2 3 2 cm grid crossed within a 30 s period
(B) (n = 8, p < 0.001). In a flight test, a large
percentage of RNAi expressing flies drop to
the bottom of a 500 ml glass cylinder when re-
leased at the top of the cylinder (C) (n = 3, p <
0.005). Control flies are elav-Gal4/w1118. Data
are mean 6 SEM.brp-RNAiC12 (240.4 6 3.9 nA, n = 8, p < 0.001) and brp-
RNAiC8 (251.4 6 3.2 nA, n = 12, p < 0.001) (Figure 6N).
Consistent with miniature current amplitudes being un-
affected, quantal content—the number of vesicles that
fuse per stimulus—was decreased (Figure 6N). As noted
above, the number of postsynaptic receptor fields was
not significantly altered in brp RNAi larvae. Thus, the re-
duction of quantal content could be due to a decrease
either in release probability per vesicle, in the number
of vesicles available for release per synapse, or both.
We thus can conclude that wild-type BRP levels are nec-
essary for normal evoked release at the glutamatergic
synapse of the NMJ, whereas spontaneous release,
postsynaptic sensitivity, and basic neuronal morphol-
ogy are apparently not affected by depression of BRP
expression.
To determine whether structural changes correlate
with these physiological defects, we studied synaptic
boutons of brp-RNAiC8/elav-Gal4 larval NMJs by trans-
mission electron microscopy (Figures 6O–6S). Control
boutons showed typical electron-dense synaptic mem-
branes (Figure 6O, arrowheads) decorated with presyn-
aptic electron-dense projections (T bars) (Figure 6O,
arrows, and Figure 6Q). Because active zone areas are
considerably larger than T bars (Atwood et al., 1993),
only a certain fraction of active zones in a given section
can be expected to be decorated with a T bar (61 active
zones scored, 25 T bars found). In brp RNAi larvae, the
overall structure of boutons (i.e., the distribution of mito-
chondria, synaptic vesicles, and electron-dense active
zones showing the typical close apposition of the pre-
and postsynaptic membranes) appeared unaltered (Fig-
ure 6P, arrowheads). However, the number of T bars was
severely reduced in brp-RNAiC8/elav-Gal4 larvae (108
active zones, eight T bars, n = 2). Remaining T bars ap-
peared rather normal (Figure 6R).
Reduction of BRP Expression Severely Impairs
Behavior of Adult Flies
Finally, we investigated the behavioral phenotype of flies
expressing panneural brp-RNAi. Locomotor activity was
severely reduced in all three viable lines with panneural
expression of brp-RNAi (C8, C12, B3) (cf. Movies 1 and
2). No obvious difference between the lines was noted.
For the brp-RNAiC8 line, the locomotor defect was quan-
tified (Figures 7A–7C). When wild-type flies were tapped
to the bottom of a cylindrical vial they immediately
started climbing up the walls (negative geotaxis). Within30 s, elav-Gal4/w1118 animals (control) climbed 7.1
(6 1.4) cm, whereas brp-RNAiC8/elav-Gal4 flies did not
climb at all (Figure 7A). Similarly, when walking on a hor-
izontal surface with a 2 3 2 cm square grid control flies
crossed a line 7.3 (6 3.4) times within 30 s, brp-RNAiC8/
elav-Gal4 animals only 0.2 (6 0.3) times (Figure 7B). In
a flight test (Benzer, 1973), brp-RNAiC8/elav-Gal4 flies
performed very poorly. When tossed through a funnel
into the center at the top of a 500 ml glass cylinder
coated with paraffin oil, 44% (6 7%) of RNAi expressing
flies, but only 10% (6 3%) of control animals dropped
to the bottom and did not reach the cylinder wall
(Figure 7C). Even if forced to fly, the brp-RNAiC8/elav-
Gal4 animals could not sustain stable flight but crashed
to the ground (hence bruchpilot).
Discussion
BRP, the Protein Recognized by MAB nc82, Is Found
at Most or All Synaptic Active Zones of Drosophila
Over the last years, some insight into assembly and mo-
lecular composition of vertebrate presynaptic active
zones has been gained (Garner et al., 2000; Dresbach
et al., 2001; Rosenmund et al., 2003; for review, see
Zhai and Bellen [2004]). Cytoskeletal elements like actin
and spectrin, as well as large active-zone-specific pro-
teins like Piccolo and Bassoon, seem to form a structural
meshwork organizing various components of the active
zone. The third coiled-coil domain of Bassoon contains
a motif that is highly homologous to the corresponding
region of Piccolo and binds in competition to Piccolo
the fifth predicted coiled-coil domain of ELKSa/CAST1
(cf. Figure 2B) (CC2 in Figure 2 of Takao-Rikitsu et al.,
2004). This binding of ELKSa/CAST1 to Bassoon seems
to be involved in neurotransmitter release (Takao-
Rikitsu et al., 2004). ELKSa/CAST1 itself has been shown
to bind RIM1 via the C-terminal PDZ binding motif IWA
(Ohtsuka et al., 2002). RIM1 is a target of the Rab3A
small G protein (Wang et al., 1997) and interacts with
Munc13-1. Together with vesicular proteins, this com-
plex might control the recruitment of vesicles and regu-
late their subsequent fusion with the presynaptic mem-
brane. Recently, ELKS has been shown to function in
insulin exocytosis of pancreatic b cells (Ohara-Imaizumi
et al., 2005). Deletion of the elks gene in C. elegans
neither relocates RIM nor produces an obvious struc-
tural or functional phenotype, although C. elegans
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main of RIM (Deken et al., 2005).
Although there is a wealth of information on the ultra-
structure of insect synapses (e.g., Boschek, 1971; Mei-
nertzhagen and O’Neil, 1991; Atwood et al., 1993; Jia
et al., 1993; Atwood and Cooper, 1996), the molecular
composition of their synaptic active zones is almost
completely unknown. Our work shows that in Drosoph-
ila, a protein with homology to the ELKS/CAST/ERC pro-
tein family of vertebrates localizes at the presynaptic
active zones of neuronal terminals. The rather uniform
distribution of tiny nc82 stained spots in all adult and lar-
val neuropil regions suggests that BRP is present at ac-
tive zones of most if not all synapses ofDrosophila. Thus,
the BRP protein provides an entry point to study general
active-zone formation and function in this species.
The open-reading frame of the cDNA identified by RT-
PCR corresponds in size to the protein recognized by
MAB nc82. The fact that the prominent Northern blot sig-
nal is about 5.5 kb larger than the known cDNA could
indicate that the brp mRNA abundantly expressed in
heads likely contains a long 30UTR. Long 30UTRs are
found in several brain mRNAs (e.g., elav, fne) (Samson
and Chalvet, 2003). Possibly, the gene contains alterna-
tive polyadenylation sites giving rise to an abundant 11
kb mRNA and a less-abundant mRNA that contains
the 30end of cDNA AT09405 but is not detected in the
Northern blot. This hypothesis is supported by two RT-
PCR experiments with independent primer pairs down-
stream of the 30 end of cDNA AT09405 (data not shown).
The signal at 2.0 kb cannot be interpreted with present
cDNA information. Both signals were identically repro-
duced in two independent head mRNA blots hybridized
with probes specific for either CG12933 and CG30336 or
CG30337, or containing the entire cDNA sequence. No
difference was observed with these three probes. Tran-
scripts containing ORF CG12932, on the other hand, ap-
parently are not abundantly expressed in adult heads
and may or may not belong to the brp transcription unit.
The combined evidence from MS analysis, bacterial
cDNA expression, ectopic expression of GFP-labeled
BRP, and the RNAi experiments proves that BRP repre-
sents the active-zone protein recognized by MAB nc82.
Analysis of the amino acid sequence of Drosophila BRP
predicts two leucine zipper domains and a glutamine-
rich C terminus but no transmembrane domains. High
homologies among human ELKSa, C. elegans CAST,
and BRP are found in three regions of the proteins (Fig-
ures 3B and Figures S3A–S3C). However, no PDZ inter-
action motif (IWA) for RIM interaction as seen in several
mammalian ELKS/CAST isoforms and, interestingly, in
the C. elegans homolog seems to be present in insect
BRP. No Drosophila protein is detected by BLAST anal-
ysis with conserved C-terminal sequences of worm or
human (blue in Figure 3B). However, for the large C ter-
minus of BRP (1260 aa) significant sequence similarities
to cytoskeletal proteins such as plectin (Figure S4D),
myosin heavy chain, and restin are observed, suggest-
ing a possible cytoskeletal role or interaction of the C
terminus of BRP.
The expression of BRP is not restricted to the gluta-
matergic type I boutons of the NMJ, but BRP is present
in active zones of presumably all synapses. Consis-
tently, those layers in the visual neuropil that containhigh levels of either choline acetyltransferase (Buchner
et al., 1986) or GABA/glutamic acid decarboxylase
(Buchner et al., 1988) do not show reduced nc82 staining
(Figure 4), and nc82 staining is found in both glutamater-
gic and nonglutamatergic synaptic boutons of larval
NMJs (Figure 1). We furthermore demonstrated that nor-
mal BRP levels are required for normal synaptic trans-
mission at histaminergic synapses.
Consequences of RNAi Knockdown of BRP
We directly address for the first time the structural,
physiological, and systemic function of BRP, a member
of the ELKS/CASTl/ERC family. We show that the ultra-
structure of synaptic active zones in terminals of larval
motorneurons and adult photoreceptors is impaired
when BRP protein levels are severely reduced. The
loss of T bars in the lamina is compatible with the hy-
pothesis that BRP may be required for anchoring the
T bars to the presynaptic membrane. The fact that we
see similar frequencies of T bars in wild-type photore-
ceptor terminals (16.8%) and of conspicuous membrane
densities in brp-RNAiC8-expressing terminals (19.5%)
supports the proposition that these membrane thicken-
ings may in fact represent presynaptic sites without typ-
ical T bars. However, we think it is unlikely that BRP is
restricted to T bars because about 13%–37% of the ac-
tive zones of type Ib boutons at NMJs of larval muscles
6/7 have no T bar (Atwood et al., 1993; Shayan and At-
wood, 2000), whereas in our light microscopical prepa-
rations, only 3% of the active zones identified by their
postsynaptic receptor fields contained no BRP label.
Unfortunately, in our experiments the epitope recog-
nized by MAB nc82 did not tolerate tissue fixation con-
ditions required for immunoelectron microscopical anal-
ysis of T bars.
Regarding a role of BRP in synaptic function, we
tested two RNAi lines with panneural expression. Both
showed a reduction in BRP protein levels and a decrease
in evoked transmitter release as reflected by reduced
EJC amplitude at larval NMJs, whereas miniature EJC
amplitude and frequency were indistinguishable from
wild-type controls.
The genotype brp-RNAiB12/elav-Gal4 caused embry-
onic lethality. When BRP was suppressed only in the
eye, adult brp-RNAiB12/gmr-Gal4 flies had a strong ef-
fect on eye development (‘‘rough eye’’) and in some
cases, in addition to the lack of ON/OFF transients,
showed a much smaller ERG receptor potential than
the other three lines (Figure 4C, note different scale).
However, because this lethal and rough eye phenotype
is observed only for a single RNAi line, it cannot be ex-
cluded that unspecific side effects might play a role.
The description of the true loss-of-function phenotype
will therefore have to await the generation of a genuine
null mutant. A special advantage in this context is that
BRP presumably is present at all synapses. Therefore,
it is possible not only to asses the functionality of trans-
genic constructs at the electrophysiological level but
also to score their effects at the behavioral level by ge-
netically controlled, spatially, and/or temporally selec-
tive expression or suppression.
In mammals ELKS/CAST/ERC isoforms apparently
have both neuronal and nonneuronal roles. Drosophila
BRP seems to correspond to the neuronal CAST
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specific to vertebrates. To our knowledge, besides the
protein described here, the only published molecule lo-
calized specifically at Drosophila presynaptic active
zones is the Ca2+ channel encoded by the cacophony
gene. This channel seems to be responsible for provid-
ing the calcium trigger for evoked neurotransmitter re-
lease (Kawasaki et al., 2004). Our findings indicate, how-
ever, that the molecular structure of the presynaptic
active zone might be more conserved between verte-
brate and insect synapses than thought previously be-
cause of the lack of Piccolo and Bassoon homologs in
insects. We are confident that in the future, studying ac-
tive-zone formation and function in Drosophila will be
a valuable addition to similar studies in vertebrates, es-
pecially considering the powerful genetic tools available
for Drosophila.
Experimental Procedures
Antibodies and Immunochemistry
The mouse MAB nc82 is an Ig-G produced by a hybridoma clone
from a large library generated against Drosophila heads (Hofbauer,
1991). The clone was selected because its antibody binds to all neu-
ropil of larvae and adult flies. For immuno-labeling of Western blots
(ECL detection) and whole-mount preparations, the nc82 superna-
tant was used at 1:100 dilution. Rabbit anti-Dynamin antiserum
was kindly provided by Dr. V. Rodrigues (TIFR, Mumbai, India) and
used at 1:400 dilution. The rabbit-a-GluRIIC antiserum (Qin et al.,
2005) was used at a dilution of 1:200. Rabbit-a-PAK was kindly pro-
vided by N. Harden (The Hospital for Sick Children, Toronto, Canada)
and used at 1:2000 dilution. Secondary antibodies were Alexa-568
labeled anti-mouse Ig and Alexa-488 labeled anti-rabbit Ig. Sections
to be compared (Figure 4A with Figure 4B, and Figures 4C–4F with
Figure 4G) were stained on the same slide and processed identically.
Confocal images were obtained as described recently (Rasse et al.,
2005).
2D Gel Electrophoresis
500 Drosophila heads were homogenized in 4 ml 23 Laemmli sam-
ple buffer, precipitated overnight at 220ºC with nine volumes of
chilled acetone, washed two times with 90% acetone, and vacuum
dried. The pellet was dissolved with minimum amounts of lysis
buffer 1 (9.5 M Urea, 0.5% SDS, 5% 2-mercaptoethanol, 2% Ampho-
lines [pH 2–11] [Serva, Heidelberg, Germany]) followed by lysis
buffer 2 (9.5 M urea, 5% NP40 w/w, 5% 2-mercaptoethanol, 2% Am-
pholines [pH 2–11]). Samples prepared in this manner were sub-
jected to the standard NEPHGE followed by SDS-PAGE.
Western Blots
Drosophila heads were homogenized in 53 Laemmli sample buffer
(eight heads in 20 ml). After fractionation by SDS-PAGE, proteins
were transferred to a nitrocellulose membrane in prechilled Western
blot transfer buffer (25 mM Tris, 150 mM glycine, 10% methanol [pH
8.3]) for 2 hr at RT with a semi-dry blotter (Peqlab, Erlangen, Ger-
many). The membrane was blocked in 5% milk powder in 13
TBST (4ºC overnight). Blots were immunostained with MAB nc82
and with horseradish peroxidase-conjugated anti-mouse-Ig second
antibody (Bio-Rad Laboratories GmbH, Muenchen, Germany) fol-
lowed by ECL detection (Amersham Buchler GmbH, Braunschweig,
Germany). b-Tubulin served as a loading control.
RT-PCR
Total RNA isolated from fly heads (RNAsy midi kit, Qiagen, Hilden,
Germany) was directly used or subjected to poly-A+ selection (Oligo-
tex mRNA mini kit, Qiagen) and used for reverse transcription with
MMLV H-RT (Fermentas, St. Leon-Rot, Germany) or Superscript II
RT (Invitrogen, Karlsruhe, Germany). RT-PCR products were sub-
jected to commercial sequencing (MWG, Ebersberg, Germany). Re-
verse transcription was carried out with primer 36-E-37.3 (50-AGT
CTC GCG CTC CTT CTG C-30). Primer pairs LiEx1.5 (50-ATG GGCAGT CCA TAC TAC CG-30) and 36.3 (50-ATC TTG TAG TCG GCC
ACC TC-30) as well as primer pairs 36.5 (50-GGA CAA CCA GGT
GGA TAT GG-30) and Missing E-37.3 (50-CGA CTG CAG GTT GTC
GTA GT-30) were used for subsequent PCRs.
Northern Blots
3 to 8 mg of poly-A+-RNA from fly heads isolated as described above
was blotted to nitrocellulose membrane (Amersham HybondNX,
Amersham, Little Chalfond, GB) following standard protocols (Cur-
rent Protocols in Molecular Biology, section 4.9). The blot was
probed with g-32P-CTP randomly labeled DNA (Hexalabel DNA la-
beling kit, Fermentas, Inc., Hanover, MD). The following probes (ex-
posure time) were used: complete cDNA containing transcribed re-
gions of CG12933, CG30336, and CG30337 (7 days); PCR product
from CG12932 (21 days). rp49 DNA served as a control probe (1 hr
exposure).
Transgenic Animals
The 50 region of the brp transcript was amplified from random
primed adult head cDNA with the primers TR674 (50-ATG GGC
AGT CCA TAC TAC CGC GAC ATG-30) and TR626 (50-CCA TCT
CCT CCT TGA TCT TTT CCA C-30) with Takara Taq Polymerase
(RP 002 M, Takara Bio, Inc., Shiga, Japan). The PCR product was
then fused to the cDNA AT09405 with the BglII site. The full-length
cDNA was inserted into a modified pUAST vector XL2/+ to overex-
press wild-type BRP in flies. A vector pUAST-gfp-brp was con-
structed by fusing a GFP-encoding cDNA to the N terminus of the
brp cDNA. Two constructs encoding hairpin RNA for RNA interfer-
ence were created. For ‘‘B’’ lines, an exonic region of CG30336
was amplified with the primers TR961 (50-GAC TGA ATT CCA GGA
GCG TAA TCG CCT CAC CAG-30) and TR996 (50-CTG ATC TAG
AGC CCG CAG CTT GAT CTT GTA GTC GG-30). For ‘‘C’’ lines, a cen-
tral region of the cDNA AT09405 was amplified with the primers
TR963 (50-GAC TGA ATT CAG CTA CAG ACG GAC ATT CGG CGT
GC-30) and TR997 (50-CAC TTC TAG ACG GAT CGC TGC TTT TCC
TGA TTG GC-30). The PCR products were purified, digested with
EcoRI, and ligated. The ligated products were digested with XbaI
and inserted into a modified pUAST (pGD182) kindly provided by
Georg Dietzl (IMBA, Vienna). Further details of the cloning are avail-
able upon request. Transgenic flies were produced by standard pro-
cedures. Flies expressing the UAS-RNAi constructs driven by Gal4
were raised at 29ºC in order to enhance interference.
Bacterial Expression of the Partial brp cDNA
BDGP cDNA clone AT09405 was amplified by PCR with AAT TGG
ATC CAT GCG ACT CAA GGC CAA G and ACA TAA GCT TTC GCA
TTG CAT TTA CAT GGT GTC AT, the PCR product was subcloned
in PCR 4 TOPO vector (Invitrogen), and the excised BamHI-HindIII
(recognition sequences underlined) fragment was directionally
cloned into pET-28a vector (Novagen, Schwalbach, Germany). Bac-
terially expressed protein was induced with IPTG at 1 mM fc. Bacte-
rial lysates were fractionated by SDS-PAGE, subjected to Western
blot, and probed with the MAB nc82.
In Situ Hybridization
The 50 region of the brp transcript was amplified from randomly
primed adult head cDNA with the primers TR674 (50-ATG GGC
AGT CCA TAC TAC CGC GAC ATG-30) and TR687 (50-CCC GGC
ACT CTA GAT CCT TGA T-30) by using Takara Taq Polymerase (RP
002 M, Takara Bio, Inc., Shiga, Japan). The PCR product that corre-
sponds to the first 700 nt of CG12933 was cut and subcloned into
precut pCR 2.1 (part in the TA cloning kit [K 2040-01, Invitrogen]). Af-
ter a clone was identified with the right orientation, the vector was
cut with SpeI to make the in situ probe with T7 (50-AAT ACG ACT
CAC TAT AG-30). The antisense probe for the 30 region was made
with T7 after cutting AT09405 with BamHI. The sense control probe
for the 30 region was made with SP6 (50-GAT TTA GGT GAC ACT ATA
G-30) after cutting AT09405 with SmaI. In situs were performed fol-
lowing the BDGP standard protocol (http://www.fruitfly.org/).
Electron Microscopy
Adult Lamina
Heads were dissected in half at the midridge, fixed in modified Kar-
novsky’s fixative (2.5% GA, 2.5% PFA, 7 mM CaCl2 in 0.1 M
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and washed in 4.5% sucrose in 0.1 M cacodylate buffer over night.
Postfixation with 2% OsO4 in 0.014 M veronal acetate buffer (with
0.02% CaCl2 and 2.25% sucrose added) for 1.5 hr was followed by
washing the heads for 5 min in 0.007 M veronal acetate buffer. Sam-
ples were dehydrated, embedded in Epon, ultrathin sectioned, and
contrasted by standard techniques.
NMJ
Dissected third instar larvae were fixed in 4% paraformaldehyde
and 0.5% glutaraldehyde in 0.1 M PBS (pH 7.2) for 10 min and
then for 60 min in 2% glutaraldehyde in 0.1 M sodium cacodylate
buffer (pH 7.2), washed three times for 5 min in sodium cacodylate
buffer and postfixed on ice for 1 hr with 1% osmium tetroxide (in
0.1 M sodium cacodylate buffer), followed by 1 hr washing in sodium
cacodylate buffer and three brief washings in distilled water. The
samples were stained en bloc with 1% uranyl acetate for 1 hr on
ice. Samples were dehydrated, embedded in Epon, and ultrathin
sectioned. Sections were stained in uranyl acetate (4%).
Electrophysiology
Intracellular TEVC recordings were made with microelectrodes filled
with 3M KCl and resistances of 12–25 MU, essentially as previously
described (Qin et al., 2005). All cells selected for analysis had initial
resting potentials between 260 and 275 mV, and input resistances
R4 MU.
Behavioral Assays
For negative geotaxis, flies with clipped wings were tested individu-
ally in an empty food vial. The height of the fly on the vial wall 30 s
after tapping the fly to the bottom of the vial was recorded three
times. For the walking test, individual flies with clipped wings were
placed in the center of a 145 mm diameter Petri dish whose bottom
had been marked with a 2 3 2 cm square grid. The number of grid
line crossings within a period of 30 s was recorded three times. In
the flight assay (Benzer, 1973), flies were tossed through a funnel
into the center at the top of a 500 ml cylinder (diameter 50 mm)
coated with paraffin oil. Normal flies try to reach the cylinder wall,
and poor fliers drop to the bottom of the cylinder; the percentage
of the flies at the bottom is a measure of the flight performance.
Supplemental Data
The Supplemental Data for this article can be found online at http://
www.neuron.org/cgi/content/full/49/6/833/DC1/.
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